We describe here a convenient and efficient system for studying turnip yellow mosaic virus (TYMV) replication in leaf protoplasts. Inoculation of rapeseed (Brassica napus) or Chinese cabbage (B. sinensis) protoplasts was achieved via electroporation, and sensitive detection of viral RNA products was performed by Northern blot analyses using a non-radioactive digoxigenin-labelled cDNA probe. Virus replication was detected when 1"5 z 106 rapeseed protoplasts were inoculated with 20 ng of TYMV RNA. Electrotransfection of TYMV RNA was more efficient in rapeseed than in Chinese cabbage protoplasts, and gave somewhat higher signals than those of TYMV virions. TYMV RNA appeared to replicate equally well whether the protoplasts were incubated in the dark or under constant light.
Introduction
Electroporation as a method to introduce viral nucleic acids into plant protoplasts has already proved to be a valuable tool for studying the molecular biology of plant viruses. Indeed, this technique is in many cases faster, simpler and less damaging to the cells than other conventional methods such as those using polyethylene glycol (PEG), polycations, liposomes or spheroplasts. To date, efficient electrotransfection of plant viral RNAs has been achieved for a number of viruses including tobacco mosaic virus (TMV), cucumber mosaic virus, cowpea chlorotic mottle virus, tobacco vein mottling virus (TVMV), potato virus Y and tobacco etch virus (reviewed in Hibi, 1989) . Furthermore, protoplasts have been successfully electrotransfected using infectious transcripts produced in vitro from full-length cDNA clones of plant RNA viruses such as TMV (Watanabe et al., 1987) , TVMV (Domier et al., 1989) , cowpea mosaic virus (Holness et al., 1989) , barley yellow dwarf virus (Young et al., 1991) , beet western yellows virus (Veidt et al., 1992) and grapevine fanleaf virus (Viry et al., 1993) .
Turnip yellow mosaic virus (TYMV), the type member of the tymoviruses, infects Cruciferae (Matthews, 1991) . Its monopartite positive-stranded RNA genome has been sequenced (Morch et al., 1988) and infectious host plant for TYMV. Since transgenic rapeseed plants partially resistant to TYMV infection have been recently obtained (B. Zaccomer et al., 1993) , we undertook to develop in parallel an electrotransfection system in rapeseed protoplasts by adapting a protocol described by Rouan & Guerche (1991) .
We show here that after electrotransfection TYMV RNA replicates efficiently in rapeseed and in Chinese cabbage (B. sinensis) leaf protoplasts, and that viral RNA products can be detected with high sensitivity using a non-radioactive probe.
Methods
TYMV isolation and viral RNA extraction. TYMV was isolated from infected Chinese cabbage (B. sinensis var. Granaat) leaves (Leberman, 1966) and the RNA was extracted from virion particles as described previously (Bdnicourt et al., 1978) .
Preparation of protoplasts and electroporation conditions. Seeds of rapeseed (B. napus var. Brutor) and Chinese cabbage were provided by the INRA (Versailles). Plants were cultivated in vitro, and protoplasts were isolated from leaves and electroporated according to Rouan & Guerche (1991) except where stated. Pectolyase was from Sigma; macroelements, microelements and vitamins of culture medium B were replaced by 'Gamborg's B5 basal medium with minimal organics' (Gamborg et al., 1968) from Sigma, and MgC12 was omitted from the electroporation buffer. The electroporation equipment consisted of a PS500X power supply (Hoefer) coupled to a device (constructed by P. Guerche; Guerche et al., 1987b) harbouring several switchable capacitors (from 22 nF to 100 pF) connected in parallel, a l cm 3 Plexiglass electroporation chamber (made by P. Guerche) and a conductimeter (Hoelzle and Chelius). The electroporation chamber was kept constantly on ice. Prior to electroporation, the conductivity of the protoplast suspension was adjusted to 1500 pS/cm with 1 M-KC1. Unless otherwise indicated, 1 ml of protoplast suspension (1.5 x 106 protoplasts) was electroporated as follows. Three electric pulses were performed at 5 s intervals, at a capacitance of 69 laF and 200 to 250 V/cm field strength. After addition of the viral material to the protoplast suspension, electroporation was performed as rapidly as possible (< 8 s) to limit RNA degradation by RNases released from damaged protoplasts. Protoplasts were incubated for 24 h in the dark (unless indicated otherwise) in 10 ml of culture medium. Viability was estimated by counting the protoplasts under the microscope using a Malassez-type haemocytometer; 100 % viability corresponds to protoplast viability prior to electroporation. At the end of the incubation, cells were centrifuged (700 r.p.m., 10 rain), resuspended in 900 ttl of washing solution (2.5% KC1, 0.2% CaC12), transferred to microcentrifuge tubes and centrifuged as previously. The pellet was finally frozen in liquid nitrogen and stored at -70 °C for further analysis.
Analysis of RNAs. Total RNAs were isolated from protoplasts according to Dean et al. (1985) as modified by P. Guerche (personal communication) . Three-hundred gl of phenol-chloroform-isoamyl alcohol (24:24:1) was added to the protoplast pellets. After vortexing for 5 s, the solution was supplemented with 400 ~tl of a solution containing 100 mM-NaC1, 10 mM-Tris-HCl pH 9, 12.5 mM-EGTA and 1% SDS, and vortexed for 5 s. Following centrifugation (14000 r.p.m., 10 min), the nucleic acids recovered in the upper phase were precipitated with 1 : 10 volume of 3 M-sodium acetate pH 5 and two volumes of ethanol. After centrifugation, the pellets were resuspended in 200 ixl of sterile water, and 200 gl of 4 M-lithium acetate was added. Total RNAs were allowed to precipitate for 4 to 10 h at 4 °C, and were then pelleted (14 000 r.p.m., 30 min). For slot blot analyses, RNAs were resuspended in 100 gl of sterile water, heated for 10 min at 70 °C and transferred using a Hybri-Slot apparatus (BRL) to a positively charged nylon membrane (Boehringer Mannheim) previously soaked in 20 x SSC (1 x SSC contains 0.15 M-NaC1 and 0.015 M-sodium citrate, pH 7). For Northern blot analyses, RNAs were treated with glyoxal as described by McMaster & Carmichael (1977) except that they were incubated for 40 rain with 5 M-glyoxal at 70 °C. All samples were analysed on 1% agarose gels in 15 mM-sodium acetate pH 6.5. Electrophoresis was performed at 20 V for 14 h with constant recycling of the buffer. The gels were soaked in 50 mM-NaOH and then in l0 mM-Tris HC1 pH 7.5, for 20 rain each. Total RNA was blotted onto a positively charged nylon membrane using a Vacu-aid apparatus (Hybaid) in 20 x SSC for 2 h. The membrane was rinsed in 6 x SSC and fixed under u.v. light for 3 min using a Stratalinker u.v. cross-linking device (Stratagene). To verify the efficiency of transfer, a lane containing an ssRNA ladder (BRL) was cut out and stained separately with methylene blue according to Wilkinson et al. (1991) . The remainder of the membrane was washed for 10 min in 2 x SSC.
Hybridization conditions. To prepare the non-radioactive probe, a PstI EcoRI DNA fragment corresponding to the 3'-terminal region (0.9 kb) of the TYMV genomic RNA (gRNA) was isolated from a fulllength cDNA clone (pTYFL7; J.
Haenni, unpublished results) and was labelled with digoxigenin (DIG) by random-priming using a DIG DNA labelling kit (Boehringer Mannheim) as indicated by the supplier. This probe should detect both TYMV gRNA and subgenomic RNA (sgRNA). Prehybridization was performed as indicated by the supplier at 58 °C for 3 h in a rotating tube placed inside a Minihybridization oven (Hybaid). T. Gautier, M. Girondot (personal communications) and ourselves observed that the following hybridization protocol gave a significantly higher signal:noise ratio than that indicated by the supplier. The prehybridization solution (0"08 ml/cm 2 of membrane) contained 50 mM-Tris-HC1 pH 7.5, 1% SDS, 0.2% polyvinylpyrrolidone, 0-2% Ficoll 400, 5mM-EDTA, 5 x SSC, 50% deionized formamide and 100 lag/ml of heat-denatured salmon sperm DNA (Sigma). After addition of the heat-denatured DNA probe (0"6 pg/ml) to the prehybridization solution, hybridization was carried out overnight under the same conditions. Washing steps (20 rain each) were performed in the same tube and at the same temperature (58 °C): the membrane was washed twice with 2 x SSC and 0-1% SDS, twice with 0.1 x SSC and 0.1% SDS, and was finally air-dried at room temperature. Hybridization signals were revealed using the DIG luminescent detection kit for nucleic acids (Boehringer Mannheim) following the instructions of the supplier. The membrane was placed in a sealed bag and exposed (20 to 60 rain) using a Fuji RX film.
Results and Discussion
In contrast to the protocol established by Samac et al. (1983) and used by Weiland & Dreher (1989) , the isolation of rapeseed (and by extension Chinese cabbage) leaf pro toplasts as described by Rouan & Guerche (1991) is very straightforward:
it requires a minimum of pipetting steps that are harmful to protoplasts, only two centrifugations, and no flotation steps to remove cell debris. Finally, it is often necessary after inoculation to eliminate PEG (frequently toxic for protoplasts) by several washings, but electroporated protoplasts can be directly diluted in culture medium for further incubation. Despite their high sensitivity, radioactive DNA or RNA probes have many drawbacks. As an attractive alternative method, we tested the sensitivity of a commercially available DIG-based non-radioactive probe system for detecting TYMV-specific gRNA (6.3 kb) and sgRNA (0.7 kb) products. Fig. 1 (a) shows the result of a slot blot hybridization experiment in which different amounts of TYMV RNA were blotted onto a nylon membrane and hybridized with a DIG-labelled cDNA probe corresponding to the 3'-terminal region of the gRNA. The sensitivity was 1 pg of TYMV RNA, which is equivalent to (Candresse et al., 1990) or higher than (Rao et al., 1990 ) that reported by others using a ~2P-labelled or biotinylated RNA probe. When the same TYMV RNA was analysed using the DIG-labelled cDNA probe in a Northern blot, sgRNA was detected in amounts corresponding to 1 to 0.1 ng of total TYMV RNA (Fig. 1 b) . The limit of detection of sgRNA was particularly important since the signal of this RNA on Northern blots is usually more difficult to detect than that of gRNA, and because detection of the sgRNA demonstrates that synthetic transcripts of gRNA undergo replication in protoplasts (J.
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Haenni, unpublished results). Using a uniformly ~2P-labelled RNA probe reported to be more sensitive than DNA probes (Melton et al., 1984; Candresse et al., 1990) and corresponding to the same region of the TYMV genomic RNA, Weiland & Dreher (1989) reported the detection of a minimum of 1 ng of TYMV RNA in Northern blot analyses. Thus even with a DNA probe, the system described here seems at least as sensitive as that using the 32P-labelled probe. There are several crucial advantages of this non-radioactive probe system: (i) high sensitivity, (ii) short time of exposure (15 to 60 min), (iii) DIG-labelled probes can be stored at -2 0 °C for several months and can be used four to five times without significant loss of activity and (iv) it is still possible to obtain an acceptable autoradiogram even 5 days after incubation with the chemiluminescent substrate.
The optimum field strength required to achieve good efficiency of electrotransfection using 2 ~tg of TYMV RNA was first determined (Fig. 2a) . After 24 h in the dark, the total RNAs were isolated and analysed by Northern blotting. When protoplasts are supplemented with TYMV RNA without electroporation (0 V/cm), no viral RNA products can be detected after 24 h suggesting that TYMV RNA must enter the cells to initiate replication cycles and avoid being degraded. Maximum efficiency of electrotransfection was achieved at 250 V/cm. This is comparable to what has been reported previously with DNA for transient and stable transformation experiments (Rouan & Guerche, 1991) . This observation might be useful for instance in transcomplementation studies when performing D N A / R N A co-electroporation. Moreover, efficient electrotransfection experiments did not damage the cells dramatically, since at 250 V/cm the viability estimated by counting the protoplasts was still about 80 to 90 % after 24 h. Even at high field strengths (i.e. 325 V/cm), conditions under which protoplast viability was dramatically decreased (10 to 20%), detection of viral RNA products was still possible.
The appearance of viral progeny RNA was followed as a function of time post-inoculation (p.i.). Fig. 2(b) presents the results of a Northern blot analysis of total RNAs extracted from rapeseed protoplasts at different times after electrotransfection with 2 pg ofTYMV RNA, and at 250 V/cm. No gRNA or sgRNA could be detected at time 0 (see also Fig. 3a, lane 1) showing that TYMV RNA is highly unstable in the protoplast preparation. As a consequence, all TYMV-specific RNA species detected by Northern blot analyses are likely to be progeny RNAs resulting from viral amplification of a small but undetectable fraction of input viral RNA. TYMV replication products could first be detected between 10 and 12 h p.i. (not shown). Signals increase strongly until 48 h, slightly between 48 and 72 h, then diminish after 96 h; this parallels the significant decrease in protoplast viability, from 70 to 80 % to 40 to 50 %, observed from 72 to 96 h p.i. respectively. The sensitivity of this system is illustrated by the fact that the replication products in 1.5 x l0 G protoplasts inoculated with 20 ng of TYMV RNA can be detected unambiguously 72 h p.i. (Fig. 2b) . Interestingly, after 24 h, efficiency of replication of TYMV RNA was comparable whether protoplasts were incubated in the dark or under constant light (2000 lux). Moreover, signals strongly increased between 24 and 72 h in the dark whereas they remained relatively stable under constant light. However, since protoplasts incu- bated in the light were more severely damaged after 72 h than those incubated in the dark, the above observation probably reflects a problem of cell viability rather than a significant difference in the efficiency of the replication process itself. Similar results were obtained with Chinese cabbage protoplasts (not shown). This observation seems to contradict immunofluorescence studies performed by Renaudin et al. (1975) , which led these authors to conclude that light was necessary for replication of TYMV in B. rapa protoplasts. Interestingly, it has been reported that multiplication of TYMV can be detected in Chinese cabbage (B. sinensis var. Cantonner) chlorophyll-lacking hypocotyl protoplasts incubated in the dark, suggesting that the energy necessary for viral replication does not depend on photosynthesis per se, but rather is of respiratory origin (Fernandez-Gonzalez et al., 1980) . However, these authors also report that the presence of light is required for replication of TYMV in Chinese cabbage chlorophyll-containing leaf protoplasts. In contrast, the rapeseed and Chinese cabbage protoplasts used in the present study contain chloroplasts and efficiently support TYMV replication when incubated in the dark; thus photosynthesis does not seem to be a prerequisite for TYMV replication in these cells. This peculiar discrepancy remains unexplained, but it is possible that the type of host-virus strain combination might play an important role in the replication strategy of TYMV, as shown to be the case for the cytopathological effects caused by this virus (Fraser & Matthews, 1979) . Indeed, although gradual clustering of chloroplasts was observed with the formation of structures possibly related to 'polyplasts' (Renaudin et al., 1975) in rapeseed or Chinese cabbage protoplasts, these structures did not appear to be directly associated with TYMV infection because they could also be detected in control cells electroporated without viral RNA. Since transfected protoplasts appear somewhat sturdier after incubation in the dark than in the presence of light, in all subsequent experiments protoplasts were incubated in the dark.
In Fig. 3 (a) , the results of a Northern blot analysis of total RNAs extracted from rapeseed protoplasts electrotransfected under different conditions is presented. Even with very low levels of inoculum (0"05 gg of TYMV RNA/1"5 x 106 protoplasts), it was still possible to detect viral RNA products unambiguously after 24 h of incubation (Fig. 3 a, lane 3) .
Coinoculation of 1 lag of TYMV RNA with 40 lag of yeast tRNA as carrier induced a slight increase of the TYMV RNA signals (Fig. 3 a, compare lanes 2 and 4) . However, this effect was not considered sufficiently beneficial and tRNA was omitted from further experiments. Fig. 3(a) , lanes 5 and 6 show that TYMV particles can also replicate in rapeseed protoplasts. However, the efficiency is low since only a moderate signal is detected with 120 gg of virions. The observation that electrotransfection of viral nucleic acids is more efficient than that of virions has been reported previously (discussed in Hibi, 1989) and could possibly be explained by the size (Nishiguchi et al., 1987) or charge (Watts et al., 1987) of the viral particles.
As shown in Fig. 3(b) , TYMV RNA can also be successfully electrotransfected into Chinese cabbage protoplasts. These protoplasts have the same general characteristics as rapeseed protoplasts in terms of their behaviour upon electrotransfection. However, Chinese cabbage protoplasts appear to be more sensitive to elevated field strengths than rapeseed protoplasts (compare Fig. 3b, lanes 4 and 5, and Fig. 2a) . Approximately the same signal intensity was obtained when electroporating 2 gg of TYMV RNA into rapeseed protoplasts (Fig. 3 b, lane 7) and 4 gg of TYMV RNA into Chinese cabbage protoplasts (Fig. 3b, lane 4) . In general, electrotransfection of the same amount of viral RNA into rapeseed protoplasts gave rise to Northern blot signals approximately 1.5-to twofold the intensity of those obtained using Chinese cabbage protoplasts. It has already been observed that the efficiency with which a virus replicates in a plant does not necessarily correlate with the efficiency at the protoplast level (discussed in Matsunaga et al., 1992) . Indeed, Chinese cabbage rather than rapeseed plants are more commonly used as propagating hosts for TYMV, although it remains to be determined whether this could be correlated with higher efficiency of viral replication in host cells.
Synthesis of virus-specific proteins induced after electrotransfection of rapeseed protoplasts with TYMV RNA or virion was confirmed by ELISA and Western blot techniques (J.-C. Boyer & K. Sdron, unpublished results). Furthermore using essentially the same conditions, Rouan (1991) could detect the production of cauliflower mosaic virus (CaMV)-specific proteins by ELISA after electroporation of CaMV DNA constructs into rapeseed protoplasts, demonstrating that this tech-nique can potentially also be used to study replication of a DNA virus at the cellular level.
In conclusion, the method presented here appears to be an easier and faster alternative to previously published protoplast systems for the study of TYMV gene expression. In addition, DIG-labelled non-radioactive DNA probes can advantageously replace radioactive probes. Moreover, this system could certainly still be improved by using riboprobes instead of DNA probes, and will most likely benefit greatly from future developments in the technology of chemiluminescent substrates. Since in this study the presence of polyplasts in protoplasts did not appear to be directly related to TYMV infection, immunocytological studies will be required to quantify the infection process at the cellular level. Nevertheless, this system makes it possible to analyse conveniently the behaviour of infectious transcripts in a highly sensitive manner.
